INTRODUCTION
In the keynote paper for the previous HF Radio Systems and Techniques Conference, Cook (1) demonstrates that "in the information age" there is a resurgence of interest in HF radio -in marked contrast to its oftenpredicted demise. Cook gives examples of new systems in use or under development for a range of applications, especially those involving data transmission, and makes the pertinent observations: "HF radio … has enduring qualities that will ensure its attractiveness for some time. … [There is] no charge for using the ionosphere."
Broadcasting is a long-established user of HF. It currently uses amplitude modulation (AM) in the same conventional form that is also used in LF and MF. However, there is keen interest in converting to a digital system, bringing many advantages. An international consortium, Digital Radio Mondiale (DRM), is well advanced in developing such a system that will be discussed in this paper.
However, other contemporary developments cast a shadow on this rosy picture of new uses, together with old ones re-invented and enhanced in digital form, vibrantly exploiting the unique properties of HF propagation.
In the "Information Age", there is a great need for data transmission, both within premises and between them. Conveniently, within and between premises there are existing cables, which were installed for mains wiring or telephony. Could these cables be used, in addition to their original purpose, to carry data? If possible, there would be obvious convenience and value. However, the cables were not designed for carrying data. This presents obvious challenges to the designers of data-transmission systems using these existing cables. Moreover, there is the difficulty that the cables will radiate some part of the data signal that they carry. There is thus the potential to cause interference to radio services, including those at HF.
We must therefore carefully assess the extent to which existing and new users of the radio spectrum might suffer interference from data-transmission systems that are proposed to use existing cables. Considering the growth in the use of computers and their peripherals, and the great interest in access to the Internet, it is possible that one form or another of these systems, if commercially successful, might eventually be found in virtually every home or business. Our assessment must therefore take account of the cumulative effect of this very large number of interference sources.
BROADCASTING BELOW 30 MHz
AM radio, operating in the LF/MF/HF bands, is often -but quite falsely -predicted to be in terminal decline. It is true that where radio stations offering better audio quality (using FM, for example) become available, then listeners will tend to select them in preference to AM ones, other things being equal. Nevertheless, the audience for AM stations still represents a substantial proportion of the total radio audience. A major reason for this is that propagation characteristics permit LF/MF/HF radio signals to reach places less easily served at VHF, and without the intervention of third parties. This ability is important for many services:
• International broadcasters can use the extended range achievable at LF/MF/HF to serve other countries.
Typically, LF or MF is used for nearby target countries, and HF for greater distances. The independence from resources in the target countries is important in times of crisis (consider, for example, the civil wars in various African countries recently). At such times transmitters in the target country may be out of action or otherwise unavailable.
Note that HF finds application in national as well as international broadcasting.
Using LF/MF/HF thus offers broadcasters clear cost savings for large-area coverage, compared with a large FM (VHF) transmitter network, and guarantees independence for international broadcasters. The snag is that AM doesn't offer the sound quality that listeners exposed to FM reception or compact discs are becoming used to. But this can be remedied!
The solution is to switch from the traditional AM to a modern digital system so that better sound quality can be delivered to listeners, with the bonus of attractive new convenience features that digital technology makes possible.
DIGITAL RADIO MONDIALE
This switch to digital broadcasting is the objective of the Digital Radio Mondiale (DRM) consortium. DRM (2) has brought together broadcasters, network operators, receiver and transmitter manufacturers, academics and research institutes. The aim is to produce a single world standard for digital radio in the bands below 30 MHz that is non-proprietary, universal and affordable while bringing consumers better quality and friendlier operation.
A single standard -but with flexible options
Why do we need a single standard? One of the reasons that AM broadcasting is so successful is that any AM receiver can receive any AM transmission, provided that it can be tuned to it. Of course, it is preferable for the transmission and receiver bandwidths to match -but it is not essential. So any AM receiver works worldwide.
If we can ensure that digital broadcasting around the world is made to the same standard, then many advantages follow:
• receivers will be cheaper, because of the economies of scale listeners will have more choice, as they are not locked into the proprietary standard of this or that broadcaster
• listeners are more likely to have the confidence to invest in new receivers, without the fear of buying the Betamax of radios
• international broadcasting will still find a ready audience with listeners whose receivers are bought primarily to listen to more local stations However, this does not mean that the signal transmitted will always have the same characteristics. Different broadcasters, different frequency bands and different propagation paths have different requirements that can nevertheless be satisfied by having a common standard, with flexibility provided by a range of modes with appropriate combinations of system parameters.
Technical basis of the standard
A first draft specification of the DRM system has been produced (and was submitted to the ITU-R in January 2000); it is subject to validation and fine-tuning in field trials.
It uses COFDM (Coded Orthogonal Frequency-Division Multiplex) -a method already well established for broadcasting both digital radio (at VHF to UHF) and digital terrestrial television. As explained in Stott (3), COFDM enables the system to cope with channels that are selective or subject to CW interference. By changing the OFDM parameters, it can be optimised to match the propagation conditions. Other trade-offs between capacity and ruggedness can be made by varying the code rate of the forward error coding (the "C" in COFDM). Note that the form of coding currently favoured is multi-level coding, using convolutional codes, giving an increase in performance compared with the Gray mapping used in the DVB-T standard for digital terrestrial television.
As its main purpose, the DRM system will convey audio, which will be coded using state-of-the-art methods to reduce its bit rate to the necessary extent. However, it will also carry data, some of which will be devoted to new convenience features including the provision of automated tuning and selection of alternative frequencies, see Stott (4) .
THE NEW INTERFERENCE THREATS
So much for a novel means of exploiting the HF spectrum by radio -what of the new threats to new and old radio systems alike? They come from systems sending data over cables that are not designed for the purpose, so that an interfering signal is emitted as a by-product of the wanted data transmission along the cable.
General layout
From the viewpoint of the 'wanted' data-transmission systems, we can distinguish perhaps three different block diagrams. Fig. 1 illustrates data communications within a home or business, using mains or telephone wiring -at this level of abstraction it does not really matter which. Each 'terminal' (computer, printer, etc.) is connected to the indoor wiring via an adaptor containing a variety of modem. At the sending device, data is modulated onto one or more carriers, injected onto the wiring and conveyed to the receiving device, where it is demodulated. Fig. 3 shows data communications to and from a home or business, using mains wiring, so-called Power Line Telecommunications/Transmission (PLT). This is partly similar to Fig. 2 , but with the significant difference that communication is now with the electricity sub-station serving the building, and all buildings fed by that substation share the same mains wiring serving as data channel. Onward connection to a broadband communications network is made at the sub-station.
A common equivalent
All three variants can be reduced to one very simple equivalent, as far as radio interference is concerned. The sending modem delivers a signal power p TX to the wiring, which in turn serves as a (lossy) transmitting antenna of effective gain g TX , the two together acting as an interfering transmitter with an EIRP of p TX g TX .
This equivalent is for just one modem that is in sending mode at a given time. In practice, many would be operating simultaneously once such systems were widely adopted. We can allow for this by supposing that simultaneously-operating systems are present with a density D systems/unit area.
Although a common model can be used, we must not forget that the values of the parameters will be different for different systems, and the interference that results will be of different significance. For example, telephone cables are at least designed as transmission lines within the audio bandwidth, and, if kept balanced, may be expected to radiate less than mains wiring, i.e. g TX is smaller for telephone wires. On the other hand, in systems of the form of Fig. 2 , the density D can be greater than for Fig. 3 , where several households must share the same mains wiring to the sub-station, and so to the communications network. In this latter case, some form of multiplexing is essential -the number transmitting simultaneously in the same part of the spectrum is therefore fewer. 
THE RESULTING INTERFERENCE

Nearby interference
If a radio receiver is being operated close to one of the cables being used to carry data, we may expect the dominant part of the interference that it suffers to come from that nearby system.
A single-interferer situation like this is reasonably straightforward to assess in a practical way -simply measure it! With some systems, the levels of interference can be very high indeed. The UK Radiocommunications Agency (RA) has reported measurements of field strengths in the HF band of the order of 60 dBµV/m(10 kHz) in the street, 10 m from cables bearing a trial PLT system.
The RA has therefore attempted to set appropriate emission limits for each part of the spectrum from 9 kHz to 300MHz in a draft regulation, MPT 1570. The intention is to protect the classes of receiver commonly found in such close proximity to systems of the type under discussion.
Cumulative effects at a distance
When the receiver is at a greater distance, and there are several interfering sources, we must consider the cumulative effect of them all. Even if each, individually, makes a negligible contribution, once millions of installations are in place, in one country or worldwide, there is the clear possibility of generating a significant level of interference.
To add up all the contributions, we need to know how each is attenuated as a function of its distance x from the receiver. This will depend on the type of propagation (free-space, ground-wave, sky-wave) and any relevant parameters, such as ground conductivity. We may write the received power-flux density as:
where, for free-space propagation, as the simplest example:
Now, in principle, if we knew: the location of every installation, the value of g TX in the relevant direction for each, and details of the propagation path from each installation to the receiver, then the cumulative interference could, at length, be calculated accurately. Some workers have followed this approach, using large computer models. However, this is time-consuming, and, more to the point, hides all the detail of the calculation. This makes it hard to gain insight into what is going on, where the main contributions come from, and what would change if the initial assumptions were to be varied.
We do not know exactly where the installations will be placed, but we can estimate their number under various scenarios. We do not know the detailed radiation pattern of the wiring of each installation. However, given that the number of installations is large, we can simply take a representative average value for g TX . This means we can apply knowledge of the density D defined earlier. Suppose the potentially interfering systems are spread over an area A , then a small part dA of it will act as if it contains an interferer of EIRP p TX g TX DdA . We then determine the cumulative interference by integration over the area A :
(This assumes that none of the interferers is close to the receiver, compared with the distance between interferers. Any such very-close interferers must be added separately.)
SOME RESULTS FOR PLT
The author has made calculations applicable to a PLT system of the type measured by the RA. It operated in the low HF bands, and to produce the following results a frequency of 3 MHz was assumed. More details than can be given here (curved-Earth formulae, etc.) are found in Stott (5) .
'Sensitive' sites
There are many HF receiving sites that operate right down to the noise floor in order to receive weak radio signals -for aeronautical/marine safety, spectrum monitoring, surveillance or indeed radio astronomy. For example, the BBC has the World Service Monitoring site near Caversham. It will be obvious that levels of interference as high as 60 dBµV/m(10 kHz) are many decades of dB greater than could be tolerated by such stations! They clearly could not work near PLT systems of the type we consider. The PLT proponents therefore suggested the idea of exclusion zones around such 'sensitive' sites. Within them, PLT would not be deployed. How big would they need to be?
The author decided to apply the ITU-R curves for ground-wave propagation from Rec. 368. Various values of putative exclusion-zone radius were assumed, and the area A containing interferers was taken to be (at most) the whole (curved) surface of the Earth except for the exclusion zone. Further calculations showed that it made little difference if the outer limit of A took more-practical dimensions! Ground conductivity representative of the UK was assumed, while the density of operating installations (1 per sub-station) and values of other parameters of the PLT system were as reported to the RA Working Group on PLT. g TX was taken as -20 dBi, in good agreement with limited ground and aeronautical measurements. For details see (5) .
The results are given in Table 1 , with the cumulative-interference PFD levels converted to familiar field-strength (FS) units. It follows that rather large exclusion zones would be needed -of the order of 50 to 100 km for the most sensitive sites -in order to protect against ground-wave interference!
Sky-wave propagation
Let us suppose that a sufficiently large exclusion zone could be enforced. What about any sky-wave interference that might still reach the receiver?
A similar calculation method can be used. We use a different f (x) , whereby we account for ionospheric propagation as if by straight-line hops simply-reflected by the ionosphere. We assume free-space propagation along this trajectory but make an allowance for reflection, etc., losses in each hop.
Results show that exclusion zones are of little benefit in this case. Taking only 1-hop propagation into account, with an assumed ionospheric loss of 10 dB, our receiving site would suffer interference levels exceeding 25 dB dBµV/m(10 kHz).
Others affected -marine, aeronautical
Fixed reception sites appear not to be the only ones who might suffer from this interference.
Ships at sea, out of range of VHF radio, could suffer significant 'ground'-wave interference from the nearest coast with PLT deployment. Note that a ground wave propagates very well over salt water.
Aircraft over built-up areas 'see' an area of ground (via free-space propagation) which increases with height; the number of potential interferers increases proportionally -at nearly the same rate as the attenuation. In consequence, the interference PFD 'seen' by the aircraft scarcely decreases with height once airborne. The same PLT parameters cause more than 40 dBµV/m(10 kHz) of interference FS.
CONCLUSIONS
The HF bands still have valuable properties in terms of their ability to provide long-distance communications without intermediaries. As a result, new systems continue to be developed for them. An example is the new digital broadcasting system under development by the DRM Consortium, which promises to re-invigorate broadcasting in the frequency bands below 30 MHz.
But both existing and new users of these bands face the challenge of potential new sources of interference, namely various systems such as PLT and xDSL which use existing mains and telephone wiring respectively for communications purposes.
Calculations for a PLT system, whose results are briefly summarised here, show that very many radio users stand to suffer serious disruption of their services if this kind of (wired) communications system were allowed to be widely deployed. The problem clearly has an international dimension -interference can be caused at very considerable distance from the source -and any 'local' permission to 'use' a part of the HF band for wired systems would deny it to others elsewhere for legitimate radio. It would also hamper subsequent re-planning of the HF band for radio users and new radio systems.
Further study, using appropriate parameters for xDSL and other systems, is needed.
